We have employed the Dirac R-matrix method to determine electron-impact excitation cross sections and effective collision strengths in Ne-like Kr 26+ . Both the configuration-interaction expansion of the target and the close-coupling expansion employed in the scattering calculation included 139 levels up through n = 5. Many of the cross sections are found to exhibit very strong resonances, yet the effects of radiation damping on the resonance contributions are relatively small. Using these collisional data along with multi-configuration Dirac-Fock radiative rates, we have performed collisional-radiative modeling calculations to determine line-intensity ratios for various radiative transitions that have been employed for diagnostics of other Ne-like ions.
Introduction
Neon-like ions play an important role in the diagnostics of a wide variety of laboratory and astrophysical plasmas. Primarily because of its importance to astrophysical plasmas, one of the most thoroughly studied neon-like ions is Fe 16+ . For this ion, there has been a long series of distortedwave (DW) calculations that include the effects of resonant recombination followed by autoionization [1] [2] [3] [4] as well as Breit-Pauli (BP) R-matrix [5, 6] and Dirac R-matrix [7, 8] calculations of electron-impact excitation. Neon-like krypton is also important, especially as a diagnostic for tokamak plasmas [9] . Although there was some early work on electron-impact excitation of Kr 26+ using the DW [10] , the relativistic DW [11] and Coulomb-Born [12] approximations, the only published R-matrix calculation is a 27-level BP calculation by Gupta et al [13] . In addition, Rice et al [9] carried out extensive calculations of the energy levels, radiative rates and electron-impact cross sections for Nelike krypton, zirconium, niobium and molybdenum. They employed these data for calculating theoretical spectra and compared them with observed spectra from tokamak plasmas.
Their excitation cross sections were determined in the relativistic DW approximation; however, it is not clear that the contributions from resonant recombination followed by autoionization were included. These contributions are always present in R-matrix calculations.
In this paper, we report on the results of a 139-level Dirac R-matrix calculation of electron-impact excitation in Kr 26+ . With resonant contributions to excitation, certain types of radiative rates from recombination resonances increase with ionization stage, while autoionizing rates remain relatively constant. Radiative decay of these resonant states to the bound states of the recombined atom, which is referred to as radiative damping, can reduce the size of these resonances. We have investigated these effects in Kr 26+ by performing two R-matrix calculations-one with radiative damping and one without. By comparing the two results, we are able to assess the importance of damping on the electron-impact excitation of this ion. Finally, we incorporated our calculated radiative and collisional rates in collisional-radiative calculations of lineintensity ratios for a set of transitions that have been employed in the diagnostics of plasmas for other neon-like ions.
The remainder of this paper is organized as follows. In the next section, we describe the calculation of the target wavefunctions and present results for energy levels and oscillator strengths. In section 3, we describe the scattering calculations and present results for excitation cross sections and effective collision strengths as well as line-intensity ratios calculated from these collisional and radiative data. Finally, in section 4, we summarize our findings.
The target structure
The target orbitals, energy levels, radiative rates and oscillator strengths for this study were generated using the multiconfiguration Dirac-Fock (MCDF) atomic structure program GRASP0 [14, 15] . We included all 139 levels arising from the configurations 2s 2 2p
5 nl with n 5 and 2s2p 6 nl with n 4 in both the configuration-interaction (CI) expansion of the target and the close-coupling (CC) expansion of the subsequent scattering calculations. The theoretical energies from this calculation are given in table 1 in comparison to existing experimental values. We also show the percentage differences between experiment and theory; the average difference for the 38 levels for which there are experimental values is only 0.059%.
In table 2, we present weighted oscillator strengths (gf ) calculated in the length gauge for all dipole-allowed transitions to the ground level. We also give the ratios of the length to velocity oscillator strengths and compare the present gf values with those determined by Rice et al [9] . The oscillator strength ratios are relatively close to one except for the transitions from the two 2s 2 2p 5 5s levels. In addition, with just a few exceptions, the present gf values are in good agreement with those from Rice et al [9] . Six transitions in Ne-like ions are used extensively for diagnostics of laboratory and astrophysical plasmas. The theoretical and experimental wavelengths and theoretical radiative rates for these six transitions in Kr 26+ , along with their standard labels, are given in table 3.
Recently, there has been an ongoing controversy over the effects of electron correlation on the radiative rates and the electron-impact excitation collision strengths associated with the 3C and 3D transitions in Fe 16+ . For example, Chen [4, 8] states that by adding the two-electron promotion from the 2p to 3d subshell along with a set of pseudostates to a comparable 139-level calculation in Fe 16+ , he obtained a radiative rate for the 3C transition that is reduced by 9% while the 3D radiative rate is increased by 4%. In addition, he states that these same correlations bring the electron-impact excitation collision strengths into closer agreement with experimental measurements.
We would have liked to determine whether these same correlations would have similar effects in the present Kr 26+ calculation; however, since Chen [4, 8] does not explain how these pseudostates were generated or what types of correlations they represent, this was not possible. In an earlier study by Dong et al [16] , the MCDF method was used to perform a systematic study of the effects of electron correlation on the 3C and 3D transitions in the Ne-like ions Cr  14+ , Fe  16+ ,  Ni  18+ , Zn  20+ , Ge  22+ , Se  24+ and Kr  26+ . They first included all   possible one-and two-electron promotions out of the 2s and 2p  subshells of the 1s  2 2s  2 2p 6 ground configuration to the 3l, 4l and 5l subshells that produce levels with even parity and J = 0. They then added all possible one-and two-electron promotions out of the 2s, 2p and 3d subshells of the 1s 2 2s 2 2p 5 3d excited configuration to the 3l, 4l and 5l subshells that produce levels with odd parity and J = 1. Applying these two CI expansions to Fe 16+ , they obtained a weighted oscillator strength for the 3C transition of 2.33, which is 6.4% lower than that from a 139-level calculation [7] without these correlations. For the 3D transition, they obtained a value of 0.675, which is 5.6% higher than that from the same 139-level calculation [7] . For Kr 26+ , their weighted oscillator strength for the 3C transition was 1.84, which is 4.7% lower than the value given in table 2 for this transition, and for the 3D transition, their weighted oscillator strength was 1.56, only 0.6% higher than the value for this transition given in table 2.
In order to provide an independent test of these results, we have performed CI calculations on the 3C and 3D radiative transitions in both Fe 16+ and Kr 26+ using a program that has been employed previously to calculate energy levels, relativistic shifts and isotope shifts in a variety of atoms [17] [18] [19] . First, we solved the Dirac-Fock equations for the 1s 2 2s 2 2p 6 ground configuration. Then we generated valence and virtual orbitals by diagonalizing the Dirac-Fock operator on a basis set of B-splines and selecting the orbitals of lowest energy. The CI calculation was carried out using all orbitals up to 7l with l = s, p, d and f, which enabled us to reach a converged result. For our final calculations, we allowed all single and double promotions out of both the 2s and 2p subshells to all valence and virtual orbitals to form states of both even and odd parity. In Fe 16+ we tested the effects of allowing excitations from the 1s orbital as well, but they were found to make no difference to the accuracy of the radiative rates quoted here. We also investigated the effects of allowing triple promotions up to the 4l subshells, but again they were found to be very small. Thus, from the earlier work of Dong et al [16] and our own large CI calculations, we would expect that these correlations, which are not included in the target states for the scattering calculation, would have relatively small effects on both the radiative rates and the collision strengths reported here.
Scattering calculations
The scattering calculations were performed using our suite of parallel Dirac R-matrix programs [20] which includes modified portions of the DARC programs [21, 22] as well as a set of modified programs from our parallel BP R-matrix suite of programs [23] [24] [25] . In order to combine these two sets of programs, the Hamiltonian matrix elements generated by the inner-region DARC codes for a given J symmetry were reformatted to be consistent with those in the BP suite of codes [26, 27] . They may be run with or without radiation damping. A flow diagram for calculations that include damping is shown in a paper on electron-impact excitation of W 46+ [20] . The CC expansion for the scattering calculations included all 139 levels listed in table 1. The size of the R-matrix 'box' was 3.6 au and we employed 33 basis orbitals to represent the (N +1)-electron continuum per angular momentum. All partial waves from J = 1/2 to 71/2 were included explicitly and contributions from higher partial waves were estimated using a top-up procedure [28] .
Below the highest excitation threshold, a very fine energy mesh must be implemented in order to resolve the majority of narrow resonances. For this reason, for all partial waves from J = 1/2 to 21/2, we first performed a calculation with 80 000 points in the energy range from the first threshold to just above the highest threshold. We then doubled the number of mesh points to 160 000. By comparing effective collision strengths from these two calculations, we were able to confirm that most resonances were resolved. Our final 160 000 points calculation employed an energy-mesh spacing of 4.36 × 10 −4 Ry. An additional 200 energy mesh points for these lower partial waves were used to span the energy range from just above the highest threshold to a maximum energy of 570 Ry. For the higher partial waves from J = 23/2 to 71/2, we calculated 2000 mesh points to cover the energy range from the first threshold to 570 Ry.
In table 4, we compare cross sections from the present calculation with those from the earlier 27-level BP R-matrix calculation of Gupta et al [13] and the relativistic DW calculation of Reed [11] . The cross sections from these two prior calculations were determined from collision strengths that are given at energies of 150 Ry, 300 Ry and 500 Ry in [13] . Since no resonances are included in the relativistic DW calculation and only those resonant states attached to the 2p 5 3l configurations are included in the BP R-matrix calculation, such comparisons are not meaningful for energies below the highest excitation threshold in the present calculation. Thus, only the values at 300 Ry and 500 Ry were employed here. The cross sections from the present calculation are higher than those from either the BP R-matrix or the relativistic DW calculations for the vast majority of transitions, especially at an energy of 500 Ry. At 300 Ry, the average difference between the present results and those of Gupta et al [13] is 8.5%, while the average difference between the present results and those of 20) a Determined from the 27-level BP R-matrix collisions strengths of Gupta et al [13] . b Determined from the relativistic DW collisions strengths of Reed [11] given in [13] . c From the present 139-level Dirac R-matrix calculation.
Reed [11] is 6.2%. At 500 Ry, these average differences have increased to 20.8% and 23.8%, respectively.
Some of these differences are due to the different target states used in each calculation. For example, the energies in the present calculation are in better agreement with experiment than those from the BP structure calculations of Gupta et al [13] . However, the fact that the present cross sections are in general higher, and these differences increase substantially with energy strongly suggests that they are due primarily to a lack of completeness in the partial-wave sums used in the earlier calculations. The sum used by Gupta et al [13] only included partial waves up through J = 17/2; they then topped up their dipole-allowed transitions using a procedure similar to ours. This expansion is not sufficiently complete to achieve convergence, especially at energies as high as 500 Ry. A description of the partial-wave sum employed in the relativistic DW calculation is not available.
In figure 1 , we show excitation cross sections from the ground level to the four levels arising from the 2s 2 2p 5 3s configuration. The dotted curves with the complex resonance structures are from the calculation with damping. In order to show the effects of radiation damping on these cross sections, we also calculated the excitation cross sections for these four transitions convoluted with a 2.94 Ry (40 eV) Gaussian and compared the results with (solid curves) and without (the long dashed curves) damping. As can be seen, the cross sections are quite close and a calculation without damping would be sufficiently accurate, at least for these selected excitations.
The most pronounced feature for all four of these cross sections is the very large contributions from resonances at low energy. Clearly, a DW calculation that does not include perturbative calculations of resonant recombination followed by autoionization would be completely inaccurate. Furthermore, it is clear that the resonant contributions above the highest 2p 5 3d level at approximately 136 Ry are smaller than those at lower energy; however, they are far from negligible. In addition, some of the contributions below this energy arise from resonances attached to levels above the highest 2p 5 3d level. Thus the 27-level BP R-matrix results of Gupta et al [13] will have noticeably smaller resonance contributions for excitation to the 2p 5 3s levels than the cross sections shown here.
In figure 2 , we show similar curves for excitation from the ground level to four of the twelve levels arising from the 2s 2 2p 5 3d configuration. By comparing the convoluted cross sections, we see that the effects of radiation damping are again very small. Furthermore, the resonance contributions for the non-dipole excitation to the 2s 2 2p 5 3d (3/2,3/2) 0 level and the weak dipole excitation to the 2s 2 2p 5 3d (3/2,3/2) 1 level are quite important and they are dominated by resonances attached to levels above the highest level of the 2s 2 2p 5 3d configuration. However, as one would expect, the effects of resonances on the cross sections for the strong dipole excitations to the 2s 2 2p 5 3d (3/2,5/2) 1 and the 2s 2 2p 5 3d (1/2,3/2) 1 levels are far less important. In table 5, we present effective collision strengths calculated both with and without damping for excitation from the ground level to the first 26 excited levels over six temperatures from 5 × 10 6 K to 3 × 10 7 K. As can be seen, the effects of damping are again relatively small for these 26 transitions with only three exceeding 10%. When averaged over all 9591 transitions between the 139 levels and over ten temperatures from 5 × 10 6 K to 5 × 10 7 K, the average difference between the effective collision strengths with and without damping was only 1.58%. The effective collision strengths, with radiation damping, along with electric-dipole, electric-quadrupole and magnetic-dipole radiative rates are now available at the Oak Ridge National Laboratory (ORNL) Controlled Fusion Atomic Data Center (CFADC) website, at http://www-cfadc.phy.ornl.gov/data and codes/home.html.
Finally, we have performed collisional-radiative modeling calculations that utilize the present radiative rates and collisional rates with radiation damping to calculate intensity line ratios involving the six transitions given in table 3. If one assumes that the main population mechanism of any excited level is direct excitation from the ground level (g), then the intensity line ratio for the transition i → g to the transition j → g is given by The Maxwellian excitation rate coefficient from the ground level to level i is given by
where σ g→i is the excitation cross section, v is the free-electron velocity and f (E) is the Maxwellian energy distribution. B i→g is the branching ratio from level i to the ground level versus radiation to all lower levels (1) and are essentially the ratios of Maxwellian rate coefficients; the dot-dashed curves are from collisional radiative modeling that includes all levels through 2s 2 2p 5 3l (lowest 27 levels in table 1); the long dashed curves are from collisional radiative modeling that includes all levels through 2s 2 2p 5 4l (the lowest 75 levels in table 1); the solid curves are from collisional radiative modeling that includes all 139 levels in table 1.
where A i→k is the radiative rate from level i to a lower level k. For the six transitions given in table 3, the radiative branching ratios to the ground level are 1.00, with the exception of transition E which has a branching ratio of 0.92. Thus, the line ratios in this simple approximation are essentially equal to the ratios of the Maxwellian excitation rate coefficients. However, equation (1) is not adequate for most cases and one must perform collisional-radiative modeling calculations to first determine the population number densities for each level as a function of density and temperature. The intensity line ratios are then given by
where N i is the population number density of level i and A i→g is the radiative rate from level i to the ground level. In the collisional-radiative calculations presented here, we employed the isolated-ion approximation so that the population for a given level depends only on radiative decays from that level, radiative cascades from all higher levels, collisional excitation and de-excitation from all other levels to that level, and collisional excitation and de-excitation from that level to all other levels. A more complete model would also include the influence of ionization and recombination between adjacent ions. Line ratios involving the six transitions listed in table 3 as a function of temperature are presented in figure 3 . They are all calculated at an electron density of 1.0 × 10 14 cm −3 . We show results determined from equation (1) (dotted curves) and when we included only the lowest 27 levels (dashed-dot curves), the lowest 75 levels (dashed curves) and all 139 levels (solid curves) in the collisional radiative modeling.
We found that these ratios do not change appreciably as a function of density for densities less than approximately 1.0 × 10 15 cm −3 . Therefore, they cannot be used as density diagnostics for the range of densities present in tokamak plasmas. For the results shown here at a density of 1.0 × 10 14 cm −3 , the level populations thus depend almost entirely on radiative cascades and very little on collisional excitation and de-excitation. As we see from figure 3 , the ratios M2/3G, 3E/3C and 3F/3C should be effective as temperature diagnostics, while variations with temperature for the 3C/3D line ratio are probably too small for this purpose.
By comparing the dotted curve with the other three curves for the M2/3G ratio shown in (a), it is clear that radiative cascades from the 2s 2 2p
5 3l levels have a pronounced effect on this particular line ratio, but the effects of cascades from still higher levels are not significant. In the case of the 3E/3C ratio shown in (b), the radiative cascades included in the 27-level modeling calculation again have a large effect, but now the additional cascades included in the 75-level calculation are also significant, while the effects of cascades from still higher levels are small. This is also true of the 3C/3D ratio shown in (d), especially at the lower temperatures. Finally, the effects of cascades from the 2s 2 2p 5 3l levels on the 3F/3C ratio shown in (c) are small, especially at lower temperatures; however, those from higher levels are more significant. Some additional changes in these ratios would have occurred if we had included levels above the highest level of 2s 2 2p 5 5l configuration; however, these curves indicate that they would be relatively small.
Conclusions
We have completed the first R-matrix calculation on neonlike Kr 26+ that includes levels above the highest level of the 2s 2 2p 5 3l configuration. The effects of radiation damping on the resonance contributions to excitation in this ion were investigated and found to be small. All electric dipole, electric quadrupole, magnetic dipole radiative rates and effective collision strengths between all 139 levels have been generated and these data are available on the ORNL CFADC website.
Simplified collisional-radiative modeling on this ion was carried out and intensity line ratios were calculated involving six different transitions used previously in other Ne-like systems. For the range of densities important in tokamak plasmas, these line ratios do not vary with density. However, the effects of radiative cascades on these line ratios are significant and collisional-radiative modeling is required to obtain accurate values.
